ABSTRACT VENDER, JOYCE (Indiana University, Bloomington), KUNTHALA JAYARAMAN, AND H. V. RICKENBERG. Metabolism of glutamic acid in a mutant of Escherichia coli. J. Bacteriol. 90:1304Bacteriol. 90: -1307Bacteriol. 90: . 1965.-A mutant strain of Escherichia coli W1485 was selected for its ability to utilize glutamic acid as the sole source of carbon. Growth of the mutant on glutamic acid led to the repression of glutamic acid dehydrogenase formation. The mutant differed from the wild-type strain in that glutamic decarboxylase activity was absent from the mutant under conditions of growth which supported the formation of this enzyme in the parent strain. Evidence is presented which suggests that loss of the decarboxylase activity results in the acquisition of the ability to utilize glutamic acid as sole source of carbon; a pathway of glutamate utilization via transamination is proposed.
Formation of glutamic acid by the reductive amination of a-ketoglutarate is generally accepted as the main pathway of incorporation of ammonia into a-amino nitrogen in coliform bacteria (see, for example, Umbarger and Davis, 1962) . Because of its pivotal role in the formation of most of the nitrogen-containing constituents of Escherichia coli, it was of interest to determine how glutamate metabolism was controlled and whether glutamic dehydrogenase was involved in the catabolism as well as in the biosynthesis of glutamate. Adler et al. (1938) found only nicotinamide adenine dinucleotide phosphate (NADP)-linked glutamic dehydrogenase in E. coli; this finding was confirmed by us in preliminary studies. Halpern and Umbarger (1961) , in studying ammonia metabolism in E. coli, noted that wildtype strains of this organism could not grow on glutamate as sole source of carbon. These authors selected mutants capable of utilizing glutamate as sole source of carbon, and concluded that the mutation had enhanced the permeability of the mutants to glutamate; they also noted that the mutants had partially or completely lost glutamic decarboxylase activity.
The isolation of similar mutants is reported in the present study, and evidence is presented which suggests that the mutation leading to the loss of glutamic decarboxylase activity endows the bacteria with the ability to utilize glutamate as sole source of carbon. Findings reported here also indicate that two distinct pathways are employed in the biosynthesis and the degradation of glutamate by E. coli.
MATERIALS AND METHODS
Bacteria and conditions of growth. The strains of E. coli employed in this investigation were W1485 (Lederberg, 1951) and W1485G. The mutant W1485G, which could utilize glutamate as sole source of carbon, was isolated from W1485 by continued incubation of W1485 in the mineral salts medium containing glutamate as sole source of carbon; no mutagenic treatment was employed. Bacteria were grown in Monod's medium 56 (Monod, Cohen-Bazire, and Cohn, 1951) ; glutamate, when used, was autoclaved together with the medium at a concentration of 10-2 M; glycerol and glucose were autoclaved separately and added aseptically to medium 56 to final concentrations of 2 X 10-2 and 10-2 M, respectively. Cultures were grown with aeration at 37 C. Bacterial density was measured turbidimetrically in a Klett-Summerson colorimeter with the use of the no. 66 filter. Routinely, bacteria were harvested in the exponential phase of growth.
Preparation of cell-free extracts. Washed bacteria suspended in distilled water were treated for 20 min in a Raytheon 10-kc magnetostrictive oscillator.
Enzyme assays. Glutamic dehydrogenase activity was determined spectrophotometrically by following the oxidation of reduced nicotinamide adenine dinucleotide phosphate (NADPH2) at 340 mps at room temperature. To a 1-ml cuvette were added 90 ,umoles of tris (hydroxymethyl)aminomethane (Tris) buffer (pH 7.5), 40 ,umoles of (NH4)2SO4, 6.7 ,umoles of a-ketoglutarate, 0. Paper chromatographic analyses. At intervals, 2.0-ml portions of the bacterial suspension were filtered, and the filtrates were collected individually. The bacteria on the filters were then extracted repeatedly with hot 75% ethyl alcohol, and the extracts were evaporated to dryness. The dry residues were taken up in water, and were desalted by passage through (H+ form, 6 by 1 cm); the amino acids were eluted with 2 N ammonium hydroxide. The eluates were concentrated and chromatographed on Whatman no. 1 paper by use of two solvent systems: n-butanolacetic acid-water (4:1:1, v/v) and water-saturated n-butanol-formic acid (95:5, v/v) . The amino acids were identified by ninhydrin and the ketoacids, by semicarbazide. After development of the chromatograms, 1.27 cm2 pieces were cut out and eluted with 75% ethyl alcohol, and the radioactivities were determined. The filtrates were similarly desalted and analyzed by paper chromatography.
RESULTS
Glutamic dehydrogenase and aspartase activities.
The presence of glutamate in the growth medium stimulated the formation of aspartase and repressed glutamic dehydrogenase formation (Table 1) . Thus, when the mutant was grown in the presence of glutamate, aspartase activity was 13-fold higher than after growth in the absence of glutamate. Growth in the presence of glutamate, however, repressed glutamic dehydrogenase activity fivefold. In the wild-type strain, the effect of glutamate was less pronounced with respect to both enzymes than in the mutant. Glutamic decarboxylase. Table 2 shows that no glutamic decarboxylase activity was found in the mutant strain when grown under conditions which led to the formation of this enzyme in the wild-type bacteria.
Glutamic-aspartic transaminase. Both mutant and wild-type strains were found to contain glutamic-aspartic transaminase activity. Neither mutant nor wild-type extracts were capable of utilizing the y-amino group of y-ABA for the amination of oxaloacetate to aspartate. Uptake of glutamate. Uptake of uniformly labeled glutamate by the bacteria of the wildtype and mutant strains is shown in Fig. 1 . The accumulation of radioactivity was greater in the mutant than in the wild-type strain.
The distribution of the intracellular radioactivity derived from the labeled glutamate was analyzed in both strains. It did not change sig-VENDER, JAYARAMAN, AND RICKENBERG nificantly over a 20-min period of incubation. In the extracts of wild-type bacteria, only glutamate and -y-ABA were found to be labeled, whereas in the extracts of the mutant bacteria little, if any, -y-ABA was detected; but, in addition to glutamate, radioactivity was found to be associated with a number of other amino acids (Fig. 2) . Furthermore, significant amounts of labeled aketoglutarate were detected in the mutant but and W1485G (mutant). The experimental procedure is described in the text; 600,000 count/min correspond to 0.5 jAmole of the original L-glutamate. The values given correspond to the radioactivity of extracts derived from 5 X 108 bacteria. figure) .
The distribution of total radioactivity in the bacteria and medium is given in Table 3 . y-ABA appeared in significant amounts only in the medium in which the wild-type strain had been grown.
DIscussIoN
The conclusions drawn from the findings reported here on the role of NADP-linked glutamic dehydrogenase and of aspartase in glutamate metabolism in E. coli are in general agreement with the conclusions of Halpern and Umbarger (1960) . The fact that growth on glutamate stimulated aspartase and repressed glutamic dehydrogenase activity suggests that aspartase has a degradative, and glutamic dehydrogenase a biosynthetic, role. Aspartase can, however, also participate in biosynthesis. This is shown by the existence of a mutant of E. coli (Vender and Rickenberg, 1964) which could utilize ammonia as sole source of nitrogen, although it had lost glutamic dehydrogenase.
The results of the experiment on the uptake of glutamate (Fig. 1) show that glutamate is taken up by both wild-type and mutant strains. The differences in the rates of accumulation of radioactivity are most readily explained on the basis of differences in the rates of metabolism of glutamate and not on the basis of accumulation. This interpretation is strengthened by the fact that, even after only 1 min of incubation with glutamate, there are already significant differences between wild-type and mutant strains with respect to the distribution of the intracellular radioactivity.
The finding (in both this investigation and in Halpern and Umbarger's) that the strains which utilized glutamate as sole source of carbon lacked or had reduced levels of glutamic decarboxylase activity strongly suggests that the functioning of the decarboxylase prevents the utilization of glutamate as sole source of carbon. Halpern and Umbarger (1959) considered the possibility that glutamic decarboxylase prevented the utilization of glutamate either by producing an inhibitor or by lowering the effective intracellular concentration of glutamate. This hypothesis was later abandoned by the same authors in favor of the permeability hypothesis (Halpern and Umbarger, 1961 
